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We have systematically investigated substrate-strain effects on the electronic structures of two
representative Sr-iridates, a correlated-insulator Sr2IrO4 and a metal SrIrO3. Optical conductivities
obtained by the ab initio electronic structure calculations reveal that the tensile strain shifts the
optical peak positions to higher energy side with altered intensities, suggesting the enhancement of
the electronic correlation and spin-orbit coupling (SOC) strength in Sr-iridates. The response of the
electronic structure upon tensile strain is found to be highly correlated with the direction of magnetic
moment, the octahedral connectivity, and the SOC strength, which cooperatively determine the
robustness of Jeff=1/2 ground states. Optical responses are analyzed also with microscopic model
calculation and compared with corresponding experiments. In the case of SrIrO3, the evolution of
the electronic structure near the Fermi level shows high tunability of hole bands, as suggested by
previous experiments.
PACS numbers: 71.20.-b, 75.47.Lx, 75.50.-y
INTRODUCTION
With recent developments of epitaxial growth tech-
nique, substrate-strain engineering has been employed
as a very efficient route to control various physical pa-
rameters, especially in ABO3 transition metal perovskite
systems. As the substrate strain modifies the connectivi-
ties of the BO6 octahedra, such as bond length and bond
angle, there occur corresponding macroscopic changes in
the symmetry, electronic structure, and magnetic prop-
erties [1, 2].
Recently, 5d oxide systems have emerged as interest-
ing target systems for the substrate engineering. Due
to the prominent role of large spin-orbit coupling (SOC)
of Ir 5d electrons, which is comparable to the strengths
of Coulomb correlation (U) and bandwidth (W ), inten-
sive attention has been focused on the Sr-iridates of
Ruddlesden-Popper type, Srn+1IrnO3n+1. In particu-
lar, Sr2IrO4 (214) with n = 1 and SrIrO3 (113) with
n = ∞ are representative systems, which correspond to
the insulating and metallic limits, respectively. Both sys-
tems have been described based on the Jeff=1/2 ground
states, where the former has a well-separated Mott-gap,
while the latter is thought to be a correlated metal [3–
5]. The tetragonality of the system, which is a typical
tunable parameter in the substrate-strain engineering, is
found to be closely correlated to the magnetic-moment
direction in 214 systems which have robust Jeff=1/2
electronic structure [1]. However, for large tetragonal
splitting, the deviation from the Jeff=1/2 ground state
has been reported in the recent experiment, casting the
question on the range and the condition of the Jeff=1/2
picture [7].
Optical experiments for aforementioned Sr-iridates,
which act as a direct probe of electronic structures,
show two-peak structure near the Mott gap region (see
Fig. 1(a) and (c)). These α and β peaks were inter-
preted as arising from the transitions from the occu-
pied Jeff=1/2 lower Hubbard band (LHB) and Jeff=3/2
band to the unoccupied Jeff=1/2 upper Hubbard band
(UHB), respectively, as shown in Fig. 1(a). In 214 sys-
tem, both α and β peaks are clearly identified, but, in 113
system, only the β peak is identified with the additional
FIG. 1. Schematic electronic structures and octahe-
dral connectivity of Sr-iridates. (a) Schematic band dia-
grams of Sr2IrO4. Optical peaks (α and β) appear due to the
transitions represented by arrows. (b) U determines the gap
between LHB and UHB, while SOC separates Jeff=1/2 and
Jeff=3/2 state. (c) The roles of U and SOC are schemat-
ically drawn. Increasing U and SOC shift α and β peaks,
respectively, to high energy sides. (d) Tensile strain effects
on the IrO6 octahedral connectivity of the systems. For 214
systems, due to its layered structure, there is no octahedral
connection apically.
2Drude contribution in the lower energy regime [3, 8].
Motivated by the idea of strain engineering for iri-
date systems, we have investigated epitaxial-strain ef-
fects on the electronic structures of two end members of
Sr-iridates: Sr2IrO4 and SrIrO3. Our studies are based
on the optical conductivity calculated by using the ab
initio band method, which provides the direct compar-
ison with experiments. Also, cluster-based microscopic
model calculations are employed to do parameter-wise
analysis of optical conductivity. Note that a similar
approach was applied to honeycomb iridate systems to
successfully explain key experimental findings [9]. Hy-
brid functional scheme with inclusion of the SOC term
is employed, and the results are analyzed and compared
with various experimental strain studies on Sr-iridates,
especially, with optical experiments [8, 10–13]. We have
found that the tensile strain on 214 system can effectively
tune the strengths of both electronic correlation and the
SOC. Strong interplay among the moment direction, the
SOC, and the substrate strain in the Jeff = 1/2 ground
state is reflected in the optical conductivities as peak
shifts or intensity changes of α and β optical peaks. On
the other hand, in semimetallic 113 system, upon strain,
the Jeff=1/2 electronic structure is found to be rather
fragile, but low energy physics coming from narrow hole
bands is found to be easily tunable.
RESULTS AND DISCUSSIONS
Sr2IrO4
Tensile strain increases both Ir-O-Ir angle (θ) and Ir-
O bond length (d) of IrO6 octahedron, as shown in
Fig. 1(d). The increases in θ and d play mutually com-
peting roles, as the former enhances the bandwidth (W ),
while the latter localizes 5d electrons to increase effective
Coulomb correlation (U). Recent optical experiment on
214 system showed the systematic shift of α-peak with
enhanced broadening upon tensile strain [11]. This fea-
ture was explained by the enhancements of both U and
W , which increase the separation of UHB and LHB and
makes both bands more dispersive, respectively. As typi-
cal temperature-dependent behavior shows the enhance-
ment of one parameter with simultaneous suppression of
the other, the enhancements of both U and W are quite
unusual [14].
TABLE I. Calculated Ir-O-Ir bond angle (θ), Ir-O
bond length (d) of 214 system on different substrates.
Bulk results are also given for comparison.
LAO STO GSO bulk
Ir-O-Ir angle (◦) 152 156 159 157
Ir-O length (A˚) 1.95 2.00 2.02 1.98
3.75 3.80 3.85 3.90 3.95 4.00
LaAlO3 SrTiO3 GdScO3
Sr2IrO4
SrIrO3
−3.8%
−0.9%
0.7%
−2.2%
0.7%
2.4%
(Å)
FIG. 2. Comparison of in-plane lattice parameter
of Sr2IrO4 (214) and SrIrO3 (113) with various oxide
substrates. LaAlO3 (LAO) and GdScO3 (GSO) substrates
yield compressive and tensile strains, respectively, while the
lattice mismatch would be minor for SrTiO3 (STO). In-plane
lattices parameters for 214 and 113 systems are from Ref. [15]
and Ref. [16], respectively, where orthorhombic 113 system
is converted to corresponding pseudo-cubic phase.
To cover the epitaxial strain range of experimental re-
ports, we have chosen LaAlO3 (LAO), SrTiO3 (STO),
and GdScO3 (GSO) substrates. As shown in Fig. 2, LAO
and GSO substrates yield compressive and tensile strains,
respectively, with +1.9% and−3.2% enhancements of c/a
ratio compared to bulk [11]. In the case of the STO sub-
strate, the lattice mismatch is small, and so the corre-
sponding c/a ratio change is as small as −0.6%. Opti-
mized c/a ratio changes of LAO (+1.2%), STO (−2.1%),
and GSO (−5.3%) cover well the experimental results.
Ir-O-Ir bond angle (θ) and Ir-O bond length (d) of cor-
responding 214 systems are summarized in Table I.
Our calculation results for 214 films demonstrate more
prominent role of U thanW upon strain. As shown in Ta-
ble II, both spin and orbital magnetic moments system-
atically increase, as the substrate is changed from LAO
to GSO, along with corresponding shifts of optical peaks.
In accordance with our results, recent resonant inelastic
X-ray scattering (RIXS) experiment observed that the
most significant effect of substrate change is the variation
of bond lengths, which is manifested in the strengthening
(weakening) of the magnetic interaction of the 214 film
upon compressive (tensile) strain [12].
To get the further insight of the role of the strain and
to directly compare with the experiments, we have calcu-
lated optical conductivity, σ(ω), using the ab initio band
methods as described above. Figure 3(a) presents the
calculated σ(ω)’s for 214 system on different substrates.
σ(ω) for bulk is also presented for comparison. Two-peak
structure (α and β) is clearly manifested. Note that,
upon tensile strain, the position of α peak is shifted to a
higher energy side. As schematically depicted in Fig. 1(b)
and (c), this feature is suggestive of the enhancement of
effective U , which also agrees with the increase in the
magnetic moment upon strain (Table II). In contrast,
the β peaks are not affected much by the strain, which
suggests the different nature between α and β peaks (see
3Fig. 1(b) and (c)). The peak positions of (α and β) are
(0.61, 1.05), (0.67, 1.05), and (0.71, 1.02) eV for LAO,
STO, and GSO, respectively, which agree well with ex-
isting experiment [11].
It is seen in Fig. 3 that optical spectrum becomes
broadened upon strain. This strain-dependent broad-
ening is interpreted as the increased itinerancy due to
change in the bond angle [11]. Despite the prominent
role of U , as revealed by a shift of the α-peak, the broad-
ening of optical spectrum would not be well described
in our approach due to lack of dynamical effect [17].
Thus, a possible explanation of broadening in Fig. 3
is that the tensile strain enhances the effective U , which
reduces the coherency of the electrons. Then, without
much change in band width W , there occurs broadening
of the peaks. The difference between the temperature
and the strain dependence of the optical conductivities
can be attributed to the altered coherency due to effective
U variation [14], which is a subject of further studies.
Due to the two-dimensional (2D) character of the 214
system, the overall optical responses are composed of in-
plane characters only (σxx and σyy) [18]. Related den-
sities of states (DOSs) information can be found in sup-
plement materials [18].
According to the previous studies on Jeff=1/2 sys-
tems, the SOC and the tetragonality are crucial param-
eters to stabilize the in-plane ordering of the system
[1, 19, 20]. To investigate the roles of the SOC and the
magnetic moment direction in determining the strain-
dependent electronic structure of the system, we ana-
lyzed σ(ω)’s (i) for different magnetic moment directions:
real in-plane (IP) and hypothetical out-of-plane (OOP)
TABLE II. Calculated spin, orbital magnetic mo-
ments, their ratio, and peak intensity ratio (µS, µO,
µO/µS, and Iβ/Iα) for 214 system on different sub-
strates. Iβ/Iα here is defined by Aβǫα/Aαǫβ, as described
in Eq. (1) and below. Bulk results are also given for compar-
ison. Unit of µS and µO is µB/Ir.
LAO STO GSO bulk
1×SOC
IP
µS 0.17 0.18 0.18 0.19
µO 0.24 0.27 0.28 0.26
µO/µS 1.43 1.52 1.58 1.40
Iβ/Iα 1.31 1.08 1.04 1.22
OOP
µS 0.26 0.36 0.40 0.29
µO 0.32 0.38 0.41 0.34
µO/µS 1.24 1.06 1.00 1.18
Iβ/Iα 1.35 1.09 0.85 -
2×SOC
IP
µS 0.16 0.16 0.16
µO 0.25 0.28 0.30 -
µO/µS 1.52 1.70 1.81
Iβ/Iα 0.98 0.72 0.68 -
OOP
µS 0.21 0.28 0.31
µO 0.28 0.32 0.32 -
µO/µS 1.33 1.14 1.05
Iβ/Iα 0.97 0.66 0.63 -
0.0
0.5
1.0 (a) IP
1×SOC
LAO
STO
GSO
0.0
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(c) IP
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Energy (eV)
(d) OOP
2×SOC
FIG. 3. Calculated optical conductivities σ(ω)’s and
DOSs for Sr2IrO4 on different substrates. (a) IP-AFM
ordering cases. Bulk σ(ω) (gray line) is also given, for com-
parison. (b) Hypothetical OOP-AFM ordering cases. (c),(d)
Cases for doubled SOC strength (2×SOC). At the peak posi-
tions, small vertical lines are drawn for the guide to the eyes.
antiferromagnetic (AFM) orderings, and (ii) for normal
and enhanced SOC strengths. As discussed below, the
OOP configuration is related to the magnetic structure
of Sr3Ir2O7 (327) system. In Fig. 3(b), calculated σ(ω)’s
for the OOP case are plotted. Compared to the IP case,
the OOP case shows quite different response of the elec-
tronic structure to the substrate strain. The overall shifts
are very large for the OOP case. As the substrate changes
from LAO to GSO, α peak positions change by 0.10 eV
and 0.24 eV for the IP and the OOP, respectively, while
β peak positions change by −0.03 eV and 0.28 eV for the
IP and the OOP, respectively. Namely, when the 214 sys-
tem has the IP-AFM ordering, the electronic structure is
rather robust against the epitaxial strain, whereas, when
the system has the OOP-AFM ordering, the overall elec-
tronic structure becomes more susceptible to the strain.
In fact, Boseggia et al.[21] linked the IP magnetic order-
ing in 214 to the Jeff=1/2 electronic structure, on the
basis of its insensitiveness to the structural distortion,
which is in agreement with our calculations.
When the SOC strength of the system is doubled
(2×SOC), the most pronounced effect is the large shift-
down in energy of Jeff = 3/2 state, as schematically
plotted in Fig. 1(b) and (c), which is reflected by the
huge shift-up of the β peak in Fig. 3(c). Another no-
table change is the reduction in the relative intensity of
α and β peak (Iβ/Iα). As each substrate case has differ-
ent ωβ/ωα value (1.72, 1.57, and 1.44 for LAO, STO and
GSO (for 1×SOC IP case)) and as there is 1/ω depen-
dence in the optical conductivity, the intensity is not to
be defined by the height of each peak. We have quantita-
tively analyzed the intensities within a two-peak picture,
taking into account the 1/ω dependence of the optical
conductivity curve, and fitted the data with following
4Lorentzian-type equation:
σ(ω) =
Aα
ωα
π−1ǫα
(ω − ωα)2 + ǫα2 +
Aβ
ωβ
π−1ǫβ
(ω − ωβ)2 + ǫβ2 ,
(1)
where we can define peak intensity at each frequency po-
sition as Iα = Aαπ
−1/ǫα or Iβ = Aβπ−1/ǫβ.
As Kim et. al. [22] have shown, the β peak, that is
thought to arise from transition from low-lying Jeff=3/2
band to Jeff=1/2 UHB in a simple picture, has in fact
large Jeff=1/2 LHB contributions. With increasing the
SOC parameter, Jeff=1/2 and Jeff=3/2 bands are de-
coupled, and Iβ/Iα is diminished because of the reduction
of Jeff=1/2 contribution to β peak. Namely, the effec-
tive increase of the SOC strength can be identified as the
decrease of Iβ/Iα. We can clearly see the reduction of Iβ
with respect to Iα for 2×SOC cases in Fig. 3(c) and (d),
regardless of moment directions and substrate types (see
Table II).
Surprisingly, Iβ/Iα ratio is found to decrease systemat-
ically upon strain, as shown in Table II for different sub-
strate strain cases. This feature suggests that the tensile
strain acts similarly to the increased SOC strength. The
ratio of orbital and spin magnetic moment (µO/µS) also
shows similar trend. As the tensile strain is applied, the
µO/µS value increases and approaches to 2 (see Table II),
which corresponds to a value for the ideal Jeff=1/2 state
of strong SOC limit. The β peak shift, which occurs
for increased SOC strength (2×SOC), has been observed
in the experiment [11], even though it is not identified
within our studied substrate-strain range. This feature
indicates that the SOC can be enhanced effectively by
means of the tensile strain. However, according to the
atomic microscopic model, the strain-dependent hopping
parameter is also found to produce similar optical be-
havior for a fixed SOC strength. Thus the overall optical
behaviors are expected to come from combined effects of
both the SOC strength and hopping parameters. For the
OOP-AFM case, upon tensile strain, similar reduction of
Iβ/Iα is obtained, but µO/µS decreases as opposed to
the IP case (see Table II). This feature occurs due to the
eventual breakdown of Jeff=1/2 electronic state rather
than the increase in the SOC strength.
Table III provides the band gap dependence on the
magnetic moment direction in 214 system. Considering
that the ideal Jeff=1/2 picture is validated in the insu-
lating limit, the overall increasing behavior of the band
gap upon strain is quite reasonable.
To confirm the enhanced U and SOC behaviors upon
strain, we obtained σ(ω) using the microscopic model cal-
culations with varying physical parameters. Figure 4(a)
and (b) presents σ(ω)’s with respect to U and λ, re-
spectively. Dominant optical spectra are attributed to
the electron-hole (e-h) excitations in the vicinity of the
Mott gap. With increasing U , the optical peaks shift
up due to the enhancement of Mott gap. In addition,
0.0
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(b)
FIG. 4. Optical conductivities obtained by four-
site cluster multiplet calculations for various on-site
Coulomb strengths (U) and spin-orbit strengths (λ).
Other parameters are the same as in Ref. [22].
the shape of optical spectrum varies depending on U val-
ues. The change from three-peak to two-peak structure
is observed. Interesting finding is that the middle-peak
is depleted when the shape of optical spectrum changes.
It is expected to occur due to the Fano-type coupling be-
tween the spin-orbit (SO) exciton and e-h excitation of
Jeff = 1/2 band [22]. Whether three-peak structure re-
ally appears in σ(ω) of iridate is not so certain, because
the four-site cluster we have considered in Fig. 4 may not
be sufficient to describe full kinetics of lattice. However,
it is legitimate to infer that some optical spectral-weight
transfer to higher peak (β peak) occurs with increasing
U , which corresponds to tensile strain behavior.
TABLE III. Band gaps (in eV) of 214 system on differ-
ent substrates, depending on the SOC strength and
magnetic moment direction. Bulk results are also given
for comparison.
moment
direction
LAO STO GSO bulk
1×SOC
IP 0.14 0.28 0.34 0.21
OOP 0.19 0.44 0.57 0.28
2×SOC
IP 0.28 0.40 0.46 -
OOP 0.47 0.49 0.58 -
5When the SOC increases, the splitting between Jeff =
1/2 and 3/2 bands increases and the Mott gap is slightly
enhanced. These features are well reflected in the opti-
cal conductivity shown in Fig. 4(b). The lowest energy
peak becomes slightly higher and the highest energy peak
shifts up somehow, when λ increases. As in the case of
the weak U (<1.8 eV), a three-peak structure appears
for large λ (> 0.45 eV). It happens because the Fano-
type coupling is weakened as the excitation energy of the
SO exciton becomes higher than that of the e-h excita-
tions. Because some spectral weights depleted for small
λ are recovered, the spectral weight near the β peak di-
minishes when λ becomes larger. Iβ/Iα behavior shows
the reduction upon increasing λ, which also mimics the
tensile strain effect in the ab initio-based optical data,
suggesting the effective increase of SOC strength.
Note that, in the current model approach, Iβ/Iα is
also affected by the change in the hopping parameters
due to substrate strain, namely, the enhanced hopping
between Jeff = 1/2 bands and the reduced hopping
between Jeff = 1/2 and Jeff = 3/2 bands, under
the tensile strain. Thus, regarding the peak intensities,
the enhanced optical spectral weight of e-h excitation of
Jeff = 1/2 is expected to yield similar effect to the en-
hanced SOC strength.
In general, care should be taken for applying low-
energy atomic model to itinerant 5d system. Since the
intensity of σ(ω) in the model approach is obtained by
the sum of possible four spectral weights from d4−d6 mul-
tiplet configurations [22], the analysis of the each spec-
tral weight upon parameter change is possible. In the ab
initio methods however, the strain-dependent change in
Iβ/Iα can be the result of cooperative changes in many
physical parameters, not solely from SOC strength. As
we have seen in the IP and OOP cases, the additional
information on µO/µS change is necessary to conclude
that the primary tuning parameter in the IP case is the
SOC strength, while it is not in the OOP case.
The opposite behavior of µO/µS for IP and OOP can
also be understood in terms of a simple atomic picture.
For a state close to ideal Jeff=1/2 state, µO/µS can be
expressed as
µO/µS =
4√
δ2−2δ+9+δ−1 ≃ 2(1− 13δ) : IP, (2)
µO/µS =
4(1−δ)−1√
δ2−2δ+9+δ−1 ≃ 2(1 + 23δ) : OOP, (3)
where δ = 2∆λ (λ: SOC strength) represents small devi-
ation from the ideal cubic case due to tetragonal crys-
tal field splitting (∆) (see supplement materials for the
derivation) [18].
Considering itinerant character of 5d system, atomic
model may not access the full description of the sys-
tem, but the strain dependency is expected to be well-
described. As δ goes more negative upon tensile strain,
the IP (OOP) case shows clear increase (decrease) in
µO/µS . The more rapid decrease for the OOP case agrees
well with the tendency shown in Eq. (2) and (3) (see Ta-
ble II).
The different strain dependence between 214 and
Sr3Ir2O7 (327) system are also expected to come from
the different magnetic moment directions, as the former
and the latter have IP and OOP-AFM orderings, respec-
tively. The strain dependence of 327 system resembles
the hypothetical OOP-AFM phase of 214 system [17],
which suggests that the response of electronic structure
upon strain is more related to the moment direction than
to the dimensionality of the Sr-iridates. The tensile strain
can effectively change the Jeff=1/2 nature of the system
through the change of the moment direction as well as
the change in the electronic correlation [20]. In conjunc-
tion with recent analysis on resonant X-ray scattering of
iridate systems, we corroborate that the moment direc-
tion plays a role of another degree of freedom that can
be tuned using the substrate engineering, especially, for
a system with many competing energy scales [23, 24].
The 2×SOC cases show overall similar strain trends,
but with more robustness of the electronic structures.
As can be seen by increased µO/µS along with reduced
Iβ/Iα (Table II), the electronic structure for the 2×SOC
becomes closer to that of Jeff=1/2 state, which is re-
flected by highly reduced optical peak shifts upon exter-
nal strain in Fig.3(c).
According to Jackeli et al.,[1] the magnetic moment
direction of the Jeff=1/2 system can be changed by
changing tetragonality. In our studied substrate-range,
however, the magnetic structure of the system remains
IP-AFM, which is more stable than OOP-AFM by 100
meV/f.u.. The 2×SOC cases show even larger energy
difference between IP and OOP-AFM, which indicates
the strong interconnection between the Jeff=1/2 elec-
tronic structure and the magnetic moment direction of
the system. According to recent study [20], much larger
tetragonality change is needed for the change of magnetic
moment direction.
Before we move on, we want to comment on the pos-
sible magneto-electric effect. As the tensile strain in-
creases, the overall electronic structures of 214 system
between the IP and OOP cases become progressively
distinct, which is revealed by the differences in Iβ/Iα,
µO/µS , and the optical conductivity shapes for different
substrates (Table II and Fig. 3). Different electronic
structures between IP and OOP moment directions can
be used to generate strong magneto-electric effect, espe-
cially for strained system, as such by applying the strong
magnetic field. Namely, the control of the electronic na-
ture, such as optical gap, would be feasible by employing
strained iridate systems.
6SrIrO3
Differently from 214 system, 113 system is known as
a correlated metal with semimetallic character, being lo-
cated at the boundary of the magnetic metal and mag-
netic insulator in the phase diagram [4, 17, 25]. We have
found that 113 system is to be a paramagnetic metal for
all studied substrate-strain range. In 113 system, the re-
sponse of the electronic structure to the epitaxial strain
is expected to be reduced with respect to the case in 214
system, due to the 3D connectivity of the IrO6 octahe-
dra. As shown in Fig. 1(d), the in-plane strain effects are
compensated by the change in apical connectivity of the
IrO6 network, which can be seen in the bond length and
bond angle variation upon strain Table IV.
Optical experiment for 113 system has shown that the
β peak position is shifted to a higher energy side as the
tensile strain is applied, while the α peak is not clearly
identified [8]. We also obtained the shift of β peak by 0.06
eV from LAO to GSO substrate (Fig. 5(a)). The α peak,
which has not been identified in experiment, appears in
our calculation due to the incapability of describing the
dynamical correlation effect [17, 26]. Since the 113 sys-
tem is weakly correlated, careful change of relative W
and U parameters using substrate strain would produce
the correlated three-peak structure in the DOS to locate
the α peak in the vicinity of the Drude part. Due to
3D connectivity of 113 system, α peak shifts are highly
suppressed (0.03 eV shift from LAO to GSO case) with
respect to the case in 214 system. Note in Fig. 5(a) that,
upon tensile strain, the systematic separation of α and β
peaks occurs with the reduction of the β peak intensity,
as observed in 214 system. According to recent experi-
ments for 113 films, the position of the β peak under the
small compressive strain shows only a little shift [8, 13].
Considering that our calculation covers wider range of
strain, further experiments with various substrates are
demanded to get more information on the substrate ef-
fects. Also, recent finding of enhanced scattering for the
compressive strain case, which was ascribed to the dis-
order effect rather than to the correlation effect,[27] can
also be justified by examining the α peak shift upon sub-
strate strain.
For the 2×SOC case in Fig. 5(b), much larger shift-
up of β peaks is shown, as in 214 system. Again, the
TABLE IV. Calculated Ir-O-Ir bond angle (θ), Ir-O
bond length (d) of 113 system on different substrates.
LAO STO GSO
Ir-O-Ir angle (◦)
apical 160 155 152
in-plane 150 153 155
Ir-O length (A˚)
apical 2.06 2.02 1.99
in-plane 1.96 2.01 2.04
0.0
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0.0 0.4 0.8 1.2 1.6
σ
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GSO
0.0 0.4 0.8 1.2 1.6
Energy (eV)
(b) 2×SOC
FIG. 5. Calculated optical conductivities for SrIrO3
(113). Cases with (a) normal (1×SOC) and (b) doubled SOC
term (2×SOC) on different substrates. At the peak positions,
small vertical lines are drawn for the guide to the eyes.
enhanced Jeff = 1/2 ground state of the system is well-
described with highly reduced Iα/Iβ and with more in-
sulating nature in the DOS [18]. Combined with 3D na-
ture of the system, the enhanced SOC highly stabilizes
electronic structure against strain, which is evident from
almost locking of both optical peaks in Fig. 5(b). All the
substrate cases for 2×SOC are almost insulating with no
Drude contribution in σ(ω) in agreement with the re-
ported ab initio phase diagram [25].
In the case of 214 system, the IP-AF ordering was es-
sential for the effective tuning of SOC, while the OOP-AF
shows the break down of Jeff = 1/2 picture upon strain.
For nonmagnetic 113 system, the reduction of Iβ/Iα can-
not be claimed to be due to enhancement of effective SOC
(see Table IV). According to recent reports, the ground
state of 113 has large deviation from Jeff = 1/2 state
and the mixing of Jeff = 1/2 and Jeff = 3/2 is found to
be significant with the entrance of octahedral rotations,
which is in sharp contrast to layered 214 system [28, 29].
Since the substrate strain directly changes the octahedral
rotations, we can deduce that the shift and reduction of
β peak in 113 system are due to the deviation of ground
state from Jeff = 1/2 state, and Iβ/Iα reduction is due
to enhanced optical spectrum weight of Jeff = 1/2 e-h
excitation, which is totally different from the case in 214
system.
Finally, we want to discuss the low-energy electronic
structure of 113 system upon strain. Even though the
strain dependency is highly reduced with respect to 214
system due to the dimensionality change, the narrow-
band semimetallic nature of 113 system near the Fermi
level (EF ) makes the system very tunable upon small
change of external parameters in low-energy scales. As
shown in Fig. 6(a)-(c), overall band structures of 113
system on different substrates are similar to that of bulk
TABLE V. Iβ/Iα of 113 systems on different substrates.
LAO STO GSO
1×SOC 2.59 1.96 1.89
2×SOC 1.21 0.90 0.92
7FIG. 6. (Color online) Band structure and Fermi sur-
faces of 113 system on different substrates (a)-(c) band
structure for LAO, STO, and GSO substrates. (d)-(f) Corre-
sponding Fermi surfaces.
system [25], but there are a few points to be pointed out.
First, we found that 113 system on STO has almost cubic
electronic structure, which can be recognized by the high-
est eg band location near 2 eV above EF . The tetragonal
crystal field in the presence of the substrate strain lifts
the degeneracy of eg states with lowering one out of two
eg states (z
2 for LAO and x2 − y2 for GSO) toward EF .
Second, while the electron pockets are retained at k = T
and U , hole pockets emerge at different k’s depending
on the strain, i.e. at k = S and R for LAO and near
k = Γ for GSO. For the STO case, the morphologies of
hole pockets are in-between LAO and GSO cases, with
very narrow band character near Γ-S and R-Γ, which
enables easy tune upon the epitaxial strain. The Fermi
surface topology also changes accordingly, as shown in
Fig. 6(d)-(f).
In relation to recent experiments, heavier effective
mass of hole carriers than electron carriers [8, 28] can
be identified from the band structure of STO substrate
case (Fig. 6(b)). More symmetric electron-hole band
structure for tensile strain case is also consistent with
transport measurement [8]. Under compressive strain,
electron pockets at U and T , and hole pocket at R are
formed, as shown in Fig. 6(a) and (d), which are in
good agreement with angle-resolved photoemission spec-
troscopy (ARPES) [29].
In view of small band renormalization factor of 1.25
from ARPES experiment for 113 system [29], our results
successfully explain the low-energy electronic structure
for both compressive and tensile strain cases, and suggest
further possibility of manipulating the strain engineering.
Inconsistency of simple tight-binding model with ARPES
may come from the highly susceptible low-energy elec-
tronic structure of the system [29, 30]. Suggested Dirac-
cone-like nodes at U and T from tight-binding calcula-
tion were not detected in the recent ARPES measure-
ment [29, 31]. Our band structure shows the protected
node at T upon strain but no Dirac-node at U , which
needs confirmation by further experimental studies. As
the band structure of 113 system depends highly on the
U value, which is interconnected to the SOC strength,
a proper estimation of electronic correlation U value is
crucial from the theory side [31, 32]. Also, recent study
on 113 film demonstrated that the breaking of the crys-
tal symmetry upon strain can lift the Dirac node of 113
system [33], which reflects that the electronic structure
of the system is highly tunable upon systematic epitaxial
strain.
CONCLUSION
We have analyzed the substrate strain effects in Sr-
iridate systems, employing both the ab initio optical
conductivity calculation and the microscopic model ap-
proach. By analyzing optical peak positions and rela-
tive intensities along with obtained magnetic moment,
we have found that, in layered 214 system, tensile strain
can effectively tune the electronic correlation strength
U as well as the SOC strength. The robustness of the
Jeff = 1/2 electronic structure, which is found to be
highly correlated with the magnetic moment direction of
the system, can also be controlled by employing the sub-
strate strain effect. On the other hand, in 113 system,
tensile strain easily breaks the overall Jeff = 1/2 ground
state, and band topology shows highly tunable hole char-
acter in the vicinity of EF . Our systematic study demon-
strate that the strain engineering for iridate systems, in
which various energy scales compete, provides an addi-
tional degree of freedom of tunable parameters, U and
SOC, as shown as peak and weight change of the opti-
cal conductivity, which can offer new dimensions on top
of the current epitaxial strain studies, especially, when
combined with very recent studies based on superlattice
structures [34].
METHODS
Ab initio calculation
We have performed electronic structure calculations,
employing the full-potential linearized augmented plane
wave (FLAPW) band method[35, 36] implemented in
WIEN2k package [37]. For the exchange-correlation en-
ergy functional, we used the local density approximation
(LDA), which has been generally employed for 5d sys-
tems. To treat the correlation in functional level, we
employed the hybrid-functional [38, 39], which is given
by
Ehybxc [ρ] = E
LDA
xc [ρ]+γ(E
HF
x [Ψcorr]−ELDAx [ρcorr]). (4)
8Here Ψcorr and ρcorr correspond to the Kohn-Sham wave
function and the electron density of correlated electrons,
respectively. The exchange-correlation energy functional
is constructed with the fraction (γ) of the Hartree-Fock
(HF) exchange energy, replacing the LDA correspon-
dence for correlated electrons (5d-electrons in the present
case). This functional form is the LDA correspondence of
so-called PBE0 [40, 41]. Compared to the normally em-
ployed LDA+U method, the hybrid-functional approach
can treat the correlation effects of different systems in a
consistent way and the non-local exchange energy can be
included in the HF term. The hybrid-functional scheme
has been employed for numerous transition-metal (TM)
perovskites, from 3d to 5d systems, and is thought to be
one of the best computational schemes [42]. Especially
for more itinerant 5d systems, recent calculation found
hybrid functional scheme successfully described the elec-
tronic structures and magnetic properties [43]. The im-
portant SOC term is included in the second variational
scheme.
To determine the proper γ parameter, we performed
the calculations on bulk Sr2IrO4 (214) system with vari-
ous γ values, using both the LDA and PBEsol function-
als. As shown in Table VI, both functionals show similar
results of increasing gap size with γ. Considering the
observed optical gap size of around 0.4 eV, γ value in-
between 0.20 and 0.25 looks appropriate. In the present
study, we chose the LDA functional with γ=0.20 to fit
the observed optical peak positions. However, the overall
strain dependency is expected to be similar for various γ
values. Our choice of γ=0.20 is somewhat smaller than
the often-used typical value of γ=0.25. But the system-
atic studies for the perovskite systems showed that the
smaller value of γ produces much better results [42].
The substrate strain effects were taken into account by
fixing in-plane(IP) lattice parameters of 214 and SrIrO3
(113) systems to those of the substrates: LaAlO3 (LAO),
SrTiO3 (STO), and GdScO3 (GSO). Since the relevant
optical experiments were performed not on ultrathin
films, we did not consider the substrate materials ex-
plicitly. We assumed the collinear magnetic structures
for both IP and out-of-plane (OOP) cases based on the
fact that the IP ferromagnetic (FM) component due to
the canted antiferromagnetic (AFM) structure is sub-
stantially weakened for the film case [44].
We optimized c/a ratio first with fixed a, which deter-
mines tetragonality of the system, and then performed
TABLE VI. Band gap dependence on the size of mixing
parameter γ for LDA and PBEsol functionals. Cal-
culations were done for the experimental bulk Sr2IrO4 (214)
system.
functional γ=0.15 γ=0.20 γ=0.25
LDA (eV) metal 0.21 0.37
PBEsol (eV) metal 0.26 0.41
the internal relaxations for given volume of every sys-
tems with force criteria of 1.0 mRy/a.u. within the
LDA limit. With obtained structures, we performed the
hybrid-functional calculations with the inclusion of the
SOC term. In a system where the SOC plays a dominant
role, inclusion of non-diagonal parts of the spin density
matrices are found to be crucial. Especially, for iridates,
inclusion of only diagonal parts does not describes the en-
ergy gap and magnetic moments of the system [45], which
even changes the energetics of the 214 system. Without
non-diagonal parts, the magnetic moment direction of the
system is found to be OOP, which is corrected only af-
ter the inclusion of the full matrix elements. In addition
to hybrid functional parts, we included non-diagonal ele-
ments of density matrices corresponding U=2 eV in gen-
erating orbital potentials, for the description of weakly
correlated Ir 5d electrons. The valence wave functions
inside the muffin-tin spheres were expanded with spheri-
cal harmonics up to lmax=10. The wave function in the
interstitial region was expanded with plane waves up to
Kmax = 7.0/RMT , where RMT is the smallest muffin-tin
sphere radius. RMT were set as 2.3, 2.1, and 1.5 a.u. for
Sr, Ir, and O, respectively. The charge density was ex-
panded with plane waves up to Gmax=12 (a.u.)
−1. We
have used 1000 k points inside the first Brillouin zone for
both 214 and 113 systems.
Optical conductivity is calculated with the WIEN2k
optical package with much denser k points up to 3000
[46]. The dielectric function is calculated using the fol-
lowing expression:
Imǫαβ(ω) =
4πe2
m2ω2
∑
n,n′
∫
dk〈nk|pα|n′k〉〈n′k|pβ|nk〉
×δ(εnk − εn′k − ω), (5)
where the transition matrix of the momentum operator
pα between Kohn-Sham states represented by band index
n and crystal momentum k with energy εnk is evaluated
and summed. The optical conductivity can be obtained
from the Kramer-Kronig transformation,
Reσαβ(ω) =
ω
4π
Imǫαβ(ω). (6)
For metallic 113 system, the Drude contribution of the
following form is considered,
σD(ω) =
Γωp
2
4π(ω2 + Γ2)
, (7)
where Γ is lifetime broadening and ωp is the plasma fre-
quency given by
ω2p;αβ =
~
2e2
πm2
∑
n
∫
dk〈nk|pα|nk〉〈nk|pβ |nk〉
×δ(εnk − εF ). (8)
9We adopted the Gaussian broadening parameters of
the interband transition of the value of 0.10 eV. For
the Drude contribution in 113 system, we set 0.10
eV for broadening parameter to describe metallic and
semimetallic characters of the systems.
Microscopic model calculations
Based on four-site cluster calculation including all
possible Ir multiplets among d5 − d5 − d5 − d5 and
d4−d6−d5−d5 charge configurations, we have solved the
effective magnetic Hamiltonian with the exact diagonal-
ization (ED) method. σ(ω) is obtained from the following
expression:
σ(ω) = πυ
1− e−βω
ω
∑
n<m
pn|〈ψm|Jˆc|ψn〉|2δ(ω+En−Em),
(9)
where υ is the volume per Ir site, pn is probability den-
sity of eigenstate |ψn〉, and Jˆc is current operator. See
Ref. [22] for the details of calculation method and pa-
rameters.
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1Supplementary Material:
Substrate-tuning of correlated spin-orbit oxides
COMPONENT-WISE OPTICAL CONDUCTIVITY
Epitaxially strained 214 systems have tetragonal structure with orthorhombic magnetic symmetry. The optical
conductivity tensor has only nonzero diagonal components (σxx, σyy, and σzz) with strong two-dimensional character.
Thus there is negligible contribution from σzz component (Fig. S1(a)-(c)).
113 systems have tetragonal structure with nonmagnetic ground state. The overall contributions of the IP and
OOP components are systematically changed, as shown in Fig. S1(d)-(f).
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FIG. S1. Calculated optical conductivities for Sr2IrO4 and SrIrO3 with different substrates. Each case is plotted
with diagonal components of conductivity tensor.
PARTIAL DENSITY OF STATES
The partial densities of states (DOSs) of Ir-d are shown in Fig. S2. In 214 system, one can clearly see the enhance-
ment of localized character upon tensile strain, as revealed by the sharpening of the DOS. Also, for the 2×SOC case,
clear shift-down of d-states is shown, as expected from the enhanced separation of Jeff=1/2 and Jeff=3/2 bands.
Overall behaviors in 113 system are similar to those in 214 system.
MAGNETIC MOMENT DEVIATION AT AROUND Jeff=1/2 UPON STRAIN
Following the model by Jackeli and Khaliullin,[S1] Jeff=1/2 isospin doublet is expressed as:
|±˜〉 = ± sin θ|0,±〉 ∓ cos θ| ± 1,∓〉, (S1)
where θ denotes parameterized angle incorporating tetragonal crystal field splitting (∆ = Exy−Eyz/zx) and SOC (λ)
as tan(2θ) = 2
√
2λ/(λ− 2∆). The expected spin and orbital magnetic moments are given by
OOP : µS =cos
2 θ − sin2 θ, (S2)
OOP : µO =cos
2 θ, (S3)
IP : µS =sin
2 θ, (S4)
IP : µO =
√
2 cos θ sin θ, (S5)
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FIG. S2. Ir-d partial densities of states (DOSs) of Sr2IrO4 and SrIrO3 for different substrates.
where µS and µO in OOP (IP) are calculated with 〈2sz〉 (〈2sx〉) and −〈lz〉 (−〈lx〉), respectively. We can get following
µO/µS ratios
µO/µS =
1
1− tan2 θ =
4(1− δ)−1√
δ2 − 2δ + 9 + δ − 1 : OOP (S6)
µO/µS =
√
2
tan θ
=
4√
δ2 − 2δ + 9 + δ − 1 : IP, (S7)
where δ = 2∆λ and δ < 1. Cubic case corresponds to δ = 0 and then µO/µS becomes 2 for any direction. When
the strain is applied, there is a deviation (δ). Positive (negative) δ always gives rise to the decrement (increment)
of µO/µS from 2 for IP. In contrast, µO/µS for OOP increases (decreases) with positive (negative) δ. Unless other
correlation effects modify local electronic structure, δ can be more negative when the tensile strain becomes stronger.
µO/µS ratio is expected to be larger (smaller) in the IP (OOP) case. Note that each tensile and compressive strain
corresponds to δ < 0 and δ > 0.
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